The prevalence of Salmonella Enteritidis in commercial egg-laying flocks is a prominent public health concern because contaminated eggs cause human illness. Deposition of this pathogen inside eggs results from bacterial colonization of reproductive tissues in infected hens. Environmental conditions can influence avian Salmonella infections, but the food safety consequences of different poultry housing systems remain uncertain. The present study assessed the invasion of internal organs by Salmonella Enteritidis in groups of experimentally infected laying hens of four commercial genetic lines (designated as white egg lines W1 and W2 and brown egg lines B1 and B2). Groups of hens from each line were housed at 555 cm 2 of floor space per bird in both conventional cages and colony units enriched with access to perches and nesting areas. All hens were orally inoculated with 5.75 × 10 7 colony-forming units of a two-strain Salmonella Enteritidis mixture. At 6 to 7 d post-inoculation, hens were euthanized, and samples of liver, spleen, ovary, oviduct, and intestinal tract were removed for bacteriologic culturing. The frequency of Salmonella Enteritidis recovery from intestinal samples was significantly (P < 0.05) greater for the two white egg lines combined than for the two brown egg lines combined in both conventional cage (72.2% vs. 50.0%) and enriched colony housing systems (66.7% vs. 37.5%). The frequency of intestinal Salmonella Enteritidis isolation from line B1 was significantly higher from hens in conventional cages (47.2%) than in enriched colonies (22.2%), but no differences were observed for other hen lines. Line W1 yielded more positive intestinal samples than either brown egg line in conventional cages, and line B2 had fewer positive intestinal samples than all other lines in enriched colonies. There were no significant differences between hen lines or housing systems in Salmonella Enteritidis isolation from other internal organs. These results demonstrate that Salmonella Enteritidis colonization of the intestinal tract can vary between genetic lines of egg-laying hens and that some lines are subject to housing system influences on Salmonella susceptibility.
INTRODUCTION
Despite substantial investments of government and private resources in efforts to control food-borne transmission of pathogens to consumers, progress has been slow and Salmonella continues to present significant international public health challenges. In the United States, active disease surveillance indicated that the incidence of human infections with Salmonella Enteritidis, the most frequently reported Salmonella serovar, increased by 3% between 2006 and 2017 (Marder et al., 2018) . The most common food vehicles for transmitting Salmonella Enteritidis infections are contaminated eggs (Jackson et al., 2013) . A multi-national European study implicated egg-laying hens as the leading reservoir for human salmonellosis, with approximately 40% of all Salmonella disease cases attributed to serovar Enteritidis (De Knegt et al., 2015) .
Epidemiologic analyses have linked the frequency of human infections with this pathogen to its prevalence in commercial egg flocks (Havelaar et al., 2013) and established that outbreak and poultry strains of Salmonella Enteritidis are genetically related (Denagamage et al., 2017) . Within a few hours after the oral exposure of poultry to Salmonella Enteritidis, the pathogen can colonize the intestinal tract and invade to internal tissues such as the liver and spleen (He et al., 2010) . Further systemic dissemination of infection in mature hens can reach the reproductive organs (Gast and Holt, 2000; De Buck et al., 2004) , leading to deposition of Salmonella Enteritidis inside the edible interior contents of eggs before they are laid (Gantois et al., 2009; Gast et al., 2011a) . Laying hens usually clear Salmonella Enteritidis from internal organs within several weeks after oral infection (Gast et al., 2007 (Gast et al., , 2011b , but pathogen persistence in a small proportion of birds can prolong the potential for horizontal spread of infection and the production of contaminated eggs ). Selection for genetically based differences in the innate resistance or immunity of lines of chickens to Salmonella infection has been considered as a potential protective strategy for flocks. Different incidences of fecal shedding, organ invasion, and egg contamination have been observed for lines of mature chickens infected with Salmonella Enteritidis (Beaumont et al., 1994; Barrow et al., 2003) .
Many important influences on the persistence and transmission of infections of poultry with Salmonella and other pathogens are associated with flock housing environments. Numerous and complex facility characteristics and management practices are intrinsic to each housing system. Animal welfare considerations have driven the re-evaluation of housing conditions for egg-laying hens, and many conventional cage-based management systems are being replaced with less spaceintensive alternatives. However, the public health ramifications of housing options for commercial laying flocks are incompletely understood, as highly variable results have been obtained from studies of the microbiological consequences of conventional cage-based housing, cage-free housing, or intermediate alternatives such as enriched (furnished) colonies or aviaries (Whiley and Ross, 2015) . Meaningful comparisons between studies are often complicated by confounding issues such as stocking density, exposure to contaminated feces and dust, and biological vectors . The objective of the present study was to assess the invasion of internal organs by Salmonella Enteritidis in groups of experimentally infected laying hens of four commercial genetic lines (two white egg and two brown egg lines) in conventional cage and enriched colony housing.
MATERIALS AND METHODS

Experimental Housing of Laying Hens
In each of two similar trials, 280 young laying hens of strains used by the commercial egg industry were obtained from breeding companies and raised at the Poultry Unit of the Piedmont Research Station (Salisbury, NC) in accordance with the North Carolina Layer Performance and Management Test (Anderson, 2015) . These hens (18 and 23 wk old at the beginning of the first and second trials, respectively) consisted of equal proportions of four genetic lines, designated brown egg line B1, brown egg line B2, white egg line W1, and white egg line W2. The hens of each line were distributed evenly between two different housing systems in separate rooms of a disease-containment facility. In one room, 35 hens of each line were housed in conventional laying cages (seven hens per cage) that provided 555 cm 2 of floor space per bird. In the other room, 35 hens of each line occupied enriched colony housing units that provided 555 cm 2 of floor space per bird with access to two perches and a single enclosed nesting area. All hens were provided with water (via two automatic nipple-type drinkers in each conventional cage and six in each enriched colony) and feed (a pelleted, antibioticfree layer-breeder ration) ad libitum. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the U.S. National Poultry Research Laboratory. All hens were allowed to acclimate to experimental housing conditions for at least 2 wk prior to Salmonella inoculation.
Experimental Infection of Laying Hens with Salmonella Enteritidis
In each trial, all hens were orally inoculated with a measured dose of Salmonella Enteritidis, consisting of a mixture of two strains (phage types 4 and 13a). Each inoculum strain was resuscitated by transfer into tryptic soy broth (Acumedia, Neogen Corp., Lansing, MI) for two successive cycles of 24-h incubation at 37
• C. After cell numbers in each incubated culture were estimated by determining its optical density at 600 nm, equal numbers of the two inoculum component strains were combined, and further serial dilutions in 0.85% saline were performed to achieve the desired final cell concentration. Plate counts on brilliant green (BG) agar (Acumedia) confirmed that the final cell concentration in each 1.0-ml oral inoculum dose was 5.75 × 10 7 colony-forming units.
Fecal Samples
Immediately before inoculation, sterile cotton swabs were used to collect samples of voided feces from polystyrene trays (food-grade but not sterile) placed under each cage. A total of 144 samples were collected, evenly distributed among all rooms and cages (36 from each hen line). Feces selected for sampling were visibly moist (recently voided) and dark in color (characteristic of cecal discharge). Each sample was collected into 10 ml of buffered peptone water (Acumedia) and incubated for 24 h at 37
• C. A 0.1 ml portion of each culture was then transferred into 10 ml of RappaportVassiliadis broth (Acumedia) and incubated for 24 h at 41.5
• C. A 10-μL portion from each of these broth cultures was then streaked onto BG agar supplemented with 0.02 mg/mL of novobiocin (Sigma Chemical Co., St. Louis, MO). These plates were incubated for 24 h 
at 37
• C and then examined for the presence of typical Salmonella colonies.
Internal Organ Samples
At 6 to 7 d post-inoculation in each trial, 144 hens were randomly selected (18 hens from each of the eight total combinations of the two housing systems and four egg lines) and humanely euthanized for bacteriologic culture of internal tissues. Birds from one brown egg and one white egg line were tested on day 6 and birds from the other two lines on day 7. The order of sampling for the hen lines (6 d or 7 d post-infection) was reversed between the two trials. Portions (approximately 5 to 10 g) of the liver, spleen, ovary, oviduct (magnum-isthmus junction region), and intestinal tract (including the ileocecal junction and adjacent regions of both ceca) from each hen were aseptically removed, transferred to 20 mL of buffered peptone water (Acumedia), and mixed by stomaching for 30 s. After incubation for 24 h at 37
• C, a 1-mL portion of each culture was transferred to 9 mL of tetrathionate broth and incubated for 24 h at 37
• C. A 10-μL aliquot of each culture was then streaked onto BG agar plus novobiocin. Following incubation of these plates for 24 h at 37
• C, typical Salmonella Enteritidis colonies were subjected to biochemical and serological confirmation (Waltman and Gast, 2016) .
Statistical Analysis
Significant differences (P < 0.05) between hen genetic lines or between housing systems in the mean frequencies of Salmonella Enteritidis isolation from internal organs were determined by Fisher's exact test. Because the two replicate trials did not differ significantly in Salmonella Enteritidis recovery from any of the five sampled tissues, their results were combined for analysis and presentation. Data were analyzed with Instat biostatistics software (GraphPad Software, San Diego, CA).
RESULTS
None of the fecal samples collected prior to inoculation of the hens in either trial were Salmonella-positive. When tissues from infected hens were sampled at 6 to 7 d post-inoculation, Salmonella Enteritidis was recovered from 88.9% to 91.7% of spleens and 86.1% to 94.4% of livers from the four lines of hens housed in conventional cages, and also from 86.1% to 97.2% of spleens and 80.6% to 91.7% of livers from these same lines of hens in enriched colony housing (Table 1) . Likewise, Salmonella Enteritidis was recovered from 27.8% to 44.4% of ovaries and 33.3% to 47.2% of oviducts from the various lines of hens in conventional cages, as well as from 33.3% to 50.0% of ovaries and 27.8% to 33.3% of oviducts from hens in enriched colonies. There were no significant differences (P > 0.05) between the four lines of hens or between the two housing systems in the frequency of isolation of Salmonella Enteritidis from any of these four internal organ sites.
Among hens housed in conventional cages, the frequency of recovery of Salmonella Enteritidis from intestinal (ileocecal junction) samples collected at 6 to 7 d post-infection (Table 1) was significantly greater from white egg line W1 (80.6%) than from either brown egg line B1 (52.8%; P = 0.0234) or brown egg line B2 (47.2%; P = 0.0064). Among hens housed in enriched colonies, the frequency of Salmonella Enteritidis isolation among intestinal samples from white egg line W1 (69.4%; P = 0.0001), white egg line W2 (63.9%; P = 0.0007), and brown egg line B1 (52.8%; P = 0.0142) were all significantly greater than from brown line B2 (22.2%). The overall frequency of recovery of Salmonella Enteritidis was significantly greater for intestinal samples from the two white egg lines combined than from the two brown egg lines combined in both conventional cage (72.2% vs.
50.0%; P = 0.0100) and enriched colony housing systems (66.7% vs. 37.5%; P = 0.0008). The frequency of intestinal isolation of Salmonella Enteritidis from brown egg line B1 was significantly (P = 0.0466) higher from hens in conventional cages (47.2%) than from hens in enriched colonies (22.2%), but no corresponding differences were observed for the other three hen lines or for all lines combined.
DISCUSSION
Both interior and exterior environments of commercial poultry facilities can be contaminated with Salmonella (Soria et al., 2017) . Diverse risk factors influence the environmental prevalence of Salmonella in laying flocks, including larger flock size, greater flock age, housing in older facilities, and multiple-age stocking (Van Hoorebeke et al., 2010a; Pitesky et al., 2013; Denagamage et al., 2015) . Once introduced from environmental sources, Salmonella Enteritidis can spread rapidly and extensively throughout flocks (Gast et al., 2014b) .
Prior research has yielded a diversity of results concerning how commercial egg production housing facilities and management practices influence Salmonella persistence and transmission. In some studies, conventional cage-based housing systems were associated with a higher prevalence of Salmonella infection or environmental contamination, especially with large rodent populations (Van Hoorebeke et al., 2010b; Denamagage et al., 2015; Jones et al., 2016) . In other reports, cage-free housing systems had more frequent Salmonella isolation from egg shells or environmental samples, and allowed greater horizontal dissemination of infection within flocks (Snow et al., 2010; De Vylder et al., 2011; Parisi et al., 2015) . However, many previous investigations identified no meaningful differences in Salmonella prevalence between cagebased and cage-free systems (Siemon et al., 2007; Jones et al., 2012) , or between conventional cage and enriched colony systems (De Vylder et al., 2009; ). An investigation carried out under commercial egg production conditions determined that Salmonella prevalence in egg shell and environmental samples was similar for hens in conventional cage, enriched colony, and aviary housing systems, although salmonellae were isolated at higher frequencies from internal organs of hens in conventional cages after depopulation . The distinctive facility design characteristics and management practices of individual poultry housing systems may create unique reservoirs for Salmonella persistence, thus requiring correspondingly targeted risk reduction strategies for each system to achieve food safety goals (Carrique-Mas et al., 2009; Jones et al., 2015) .
In a coordinated series of experimental infection studies, Salmonella Enteritidis was isolated more often from internal organs and voided feces from hens in conventional cages (at a higher stocking density) than in enriched colonies (at a lower stocking density), although no differences were observed in the frequency of horizontal transmission of infection, the duration of fecal shedding, or the production of contaminated eggs (Gast et al., 2013 (Gast et al., , 2014a (Gast et al., ,b, 2015 .
Stress caused by high poultry stocking densities can suppress both humoral and cellular immune responses, thereby exacerbating Salmonella Enteritidis invasion of internal organs (Gomes et al., 2014) . In investigations comparing the effects of different hen stocking densities for a single (enriched colony) housing system, Salmonella Enteritidis was recovered at higher frequencies from livers, ovaries, and voided fecal samples from infected birds housed at a higher stocking density than at a lower one (Gast et al., , 2017 . In the present study, all experimentally infected hens were housed at a commercially realistic high stocking density and very little difference was evident between conventional cages and enriched colonies. Only one significant effect was observed, as Salmonella Enteritidis was recovered more often from intestinal samples of hens from brown egg line B1 when housed in conventional cages than in enriched colonies. No other differences were detected between the two housing systems for any of five internal organs sampled from four genetic lines of hens. The contrast between the present results and previous research reporting differences between these same two housing systems (Gast et al., 2013 ) may highlight the important role of hen stocking density in the earlier outcomes. However, the inbred, non-commercial line of specific pathogen-free hens used in that prior study may have been dissimilar to the commercial lines used in the current experiment in its susceptibility to Salmonella infection or responsiveness to environmental stressors.
Poultry resistant to Salmonella infection have been sought for many years, but genetic selection efforts are impaired by negative correlations between resistance in chicks and adults and between resistance and production traits (Beaumont et al., 2010; Swaggerty et al., 2014) . Lines of chickens differing in their susceptibility to Salmonella infection have been found to also differ in T cell responses (Beal et al., 2005) , heterophil activity (Swaggerty et al., 2003) , intestinal barrier function (Schokker et al., 2012) , the production of cytokines and chemokines (Coble et al., 2011) , and the expression of pathogen-specific cellular receptors (Abasht et al., 2009) . In the present study, no significant differences were observed between four commercial genetic lines of laying hens in their susceptibility to systemic infection of livers, spleens, ovaries, or oviducts by Salmonella Enteritidis. However, significantly higher frequencies of intestinal Salmonella recovery were obtained from the two white egg lines (combined) than from the two brown egg lines in either conventional cages or enriched colonies. A few individual line differences were also identified, as white egg line W1 yielded a greater frequency of positive intestinal samples than either brown egg line in conventional cages, and brown egg line B2 had a lower frequency of positive intestinal samples than all other lines in enriched colonies. One important caveat for interpreting these data is that any subtle differences between treatment groups in Salmonella Enteritidis cell concentrations in tissues were not determined by an experimental methodology that only identified the presence or absence of the pathogen at these sites. Nevertheless, these results suggest that differences between lines of hens in their susceptibility to Salmonella Enteritidis may be manifested most prominently at the level of intestinal tract colonization, so the principal risk reduction benefit likely to accrue from selection for resistance is diminished fecal shedding of Salmonella into the poultry house environment by colonized birds. Selecting for individual hens that are refractory to systemic infection appears less promising.
